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ABSTRACT

System ar.c component tests are continuing.
Key components have passed 5000 hr of accumulated
operating time. No basic technology problems
have been found. :

Based on the firsu system tests in a vacuum
chamber, a net efficiency of 0.26 would be ob-
tainable in space at 10 KW of usefyl electric
power output; the specific radiator area would be
about 75 fta/kwe. Minor system hardware changes
are described which would improve system net
efficiency to about 0.30 in the 10- to 15-KW
range, Correspondmg specific radiator areas
would be 65 to 62 ft°/KWe.

An advanced Brayton power system operatlng
at a turbine-inlet tempeyature of 2000° F was
considered. If developed, it could offer a sys-
tem net efficiency up to about 0.35 at its high-"~
power conditions; specific radiator area would
drop to about 50 ft&/Kie.

.are also examined.

IN 1966 THE STAFF AT NASA-Lewis Research Center
began work on a 2- to 10-kWe Brayton power sys-
tem. This work was intended to provide the de~
velopment of technology for Brayton space power
systems in this power range. The power conver-
sion module, or engine, was designed for use in
space missions with a radioisotope heat source
and a liquid~coolant radiator. Our program
goals were (1) to show efficient aperation of a
single engine over the power output range from
2 to 10 iW; (2) to achieve greater than 25 per-
cent system net efficiency; and (3) to have at

. least a S-yr (44,000-hr) operational life,

Results of our first system tests in a vac~
uum chamber were presented at last year's con-~
ference (1, 2,.3, 4, and 5%). In these tests,
the engine was electnca.uy heated and was cool-
ed with an auxiliary heat exchs.nger, or radiator
simulator. Our first goal was met in these
tests. Operation was confirmed over the design
power range (1 and 6). An engine net efficiency
of 0.29 was measured at 10.5 ki of useful output,
Based on this measured engine efficiency and es-
timates of heat-source therma) losses, our second
goal of greater than 25 percent system net effi-
ciency should be readily achievable (1)7” We are
conducting a series of component and system tests
toward the third goal of demonstrating opera- -
tional life, All tests to date have shown no

‘technology problems that would prevent use of

this power system. This paper descr:.bes the .
status of our test programs,

Results of component tests have shown a po-
tential for improved system performance with
relatively minor hardware changes. These hard-
ware changes, which could improve efficiency and
increase the operational power output range of
the engine up to 15 KW, are described. Increased
system performance is estimated based on the test
data from individusl components and the current
power system Further potential system gains
from a 400° F-higher turbine-inlet temperature
This 400" F increase would
require some major redesigns and is only acedemic
at this time.

PROGRAM STATUS
Table 1 lists our major test programs and

shows the number of accumulated test hours for

*Numbers in parentheses designate References
at end of paper.



each, Status is discussed separately for the
system, subsystem, and component tests,

SYSTEM TESTS - The first bystem tests, con-
ducted in the Lewis Space Power Facility, accu-
mulated 2561 hr of power system operation (6).
Two BRU's (Brayton rotating units: turbine, al-
ternator, end compressor on & single shaft) were
used. An electrical power connector short cir-
cuit caused the first BRU to overspeed after
668 hr of operation and interrupted the test.
Another. BRU was installed, and the test contin-
ued to a planned shutdown. This second BRU had
been previously operated for 1012 hr in another
test and has now accumulated 2905 hr of opera-
tion, The BRU's were disassembled, and Dunn (7)
reports on their post-tesfz inspection. The BRU
with 2905 hr of operation has been reassembled
and installed back in the power system. The
system is being readied for operation with a
space-type radiator with testing scheduled to be-
gin in the second half of this year. Miller,
Couch, and Prok (8) describe the radiator design
and development program. The test configuration
to be installed in the vacuum chamber is shown®
in Fig. 1. A photograph of the engine itself is
shown in Fig. 2.

SUBSYSTEM TESTS - A gas power loop consist-
ing of a BXU and a BHXU (Brayton heat exchanger
unit: a gas-to-gas recuperator and gas-to-
‘liquid waste heat exchanger) is in a 20,000-hr
endurance test program. Valerino and Ream (9)
present the detailed status of this test. As of
April 12, 1971, over 5000 hr of test operation
had been accumulated. This test has been auto-
mated. Macosko and Edkin (10) describe the auto=
matic aspects of this test. Well over 4000 hr of
operation have been obtained with no operating
persomnel in attendance. Also, as part of this
test program, motor starting of the BRU was per-
formed. In this startup technique, which is an
alternative to gas-injection startups, the BRU
alternator is used initially as a drive motor.
Gilbert et al., (11), report on this part of the.
test program. .

The electrical subsystem is also being
given. a 20,000-hr but separate endurance test.
Vrancik and Spagnuolo (12) describe this subsys-
tem program. The electrical subsystem includes
the engine control and monitoring system, the
electrical control package for regulating BRU
speed and electrical output distribution, the
parasitic load bank, the dc power supply for
rectifying alternator output and charging bat-
teries, and two inverters {in the total system,
these inverters power two liquid-coolant pump

motors). As of April 12, 1971, this subsystem
had accumulated almost 4000 hr of vacuum-test
operation. This test has also been automated.
Over 3700 hr were obtained with unattended oper-
ation. .

The gas mansgement subsystem is also being
tested separately. It consists of{, the gas bup-
ply tank and all of its valves, piping, and in-
strumentation. This subsystem has a 10,000-hr
test program which has been started recently. As
of April 12, 1971 over 300 test hours had been
accumulated. :

COMPONENT TESTS - Some individual componehts
are under contract for endurance testing. One
such component is the liquid coolant pump-motor
assembly (PMA). The pump-motor requires 400-Hz
electrical power. A static inverter operating on
a 56 V dec input converts to 400-Hz output for the
FMA. The PMA and its inverter at Pesco Products,
a division of Borg Warner Corporation in Bedford,
Ohio, have completed over 12,000 hr in a 20,000~
hr endurance test.

Another component in en endurance test is
the dc power supply. This component rectifies
part of the BRU's 120-V, 1200-Hz, three-phase
output to £28 V dc. The dc power is used for sys
tem control functions, by the inverter for the
PMA, and for charging of batteries, This dec pow-
er supply at Gulton Industries Incorporated, En-
gineered Magnetics Division in Hawthorne, Cali-
fornia, has completed over 15,000 hr in’'a 20,000
hr endurance test.

A BRU is at Mechanical Technology Incorp-
orated in Latham, New York, for shock and vibra-
tion testing. The BRU will be tested both stati-
cally and while it is operating. This program
and its tests are just under way. The BRU is the
only system component presently planned for this
type of testing. .

CURRENT SYSTEM PERFORMANCE

Net efficiency and required radiator area of
a Brayton space power system were calculated
based on the data from the first system tests in
a vacuum chamber (6).

System net efficiency is the ratio of elec-
tric net power output to heat-source gross therm-
al power. Thollot, Bainbridge, and Nestor (2)
show that about 1.4 KW of power are needed for
the electrical components over their operational
range. Hence, system net power output was calcu-
lated as 1.4 kW less than the measured power st
the alternator terminals., Heat-source gross
thermal power includes the heat added to the en-



gine working gas and the heat lost from the
source, Based on & conceptual radioisotope heat
source, thermal losses from a 25-kW source could
be held to about 2 kW, or 8 percent. Therefore,
in evaluating space system efficiency, the re-
quired heat-source gross thermal power was cal-
culated as the measured heat-input to the engine
divided by 0.92.

-System radiator area needs were calculated
based on measured heat loads. Both the primary
heat loed from the engine waste heat exchanger
and the secondary heat loads from the alternator
and cold plates were included., The radiator
configuration which will be used in our next
system tests at the Space Power Facility was
assumed. A sketch of thi® radiator and cooling
loop arrangement is shown in Fig. 3. ©Prime areas.
were calculated (13) and then increased by 20 per-
cent® to allow for the neglected effects of both
coolant-to-surface and tube-to-fin temperature
drops.

Figure 4 shows the net efficiency and
radiator-area needs of the power system based on
the performance of the current engine, Specific
radiator areas (the actual area divided by the
electric net output) are shown. These changes
with power level are for the design engine condi-
tions: working gas, & helium-xenon mixture at
the molecular weight of krypton (83.8); furbine-
inlet temperature, 1600° F; and compressor-inlet
temperature, 80° F. For the radiator talcula- .
tions, an effective heat-sink temperature for
near-Earth orbits of -10° F was assumed.

The symbols in Fig. 4 show the system net
efficiency based on test data; the lines are
analytical predictions based on a slightly mod-
ified Lewis computer program (13). System power
output is a function of the heat-source thermal
power, the amount of gas within the closed power
loop, and the size of the radiator. The engine
power range from 1.5 to 10.5 kW corresponds to
the design operating range in compressor-outlet
pressure, 15 to 45 psia. System net efficiency
ranged .from 0.12 at 1.5 kW to 0.26 at 10.5 kW.
The required heat-source power rating for this
output range would be from 12.5 to 40.5 kW, .

System radiator-area needs are a function of
the power level, the liquid coolant flow rate s
and the effective heat-sink temperature. The

I e .
Detailed radiator analyses have shown that
the prime area correction factor for this radiator

configuration is between 17 and 23 percent,

specific radiator areas in Fig, 4 were optimized
with coolant flow rate (13). The curve is a
locus of minimum velues., Specific area drops
fram 220 £t2/kie at 1.5 Kde to about 75 £t2/ki,
at 10.5 KW. The required areas increase con-
tinuously from 330 ft° to about 790 £t over the
output range.

COMPONENT IMPROVEMENTS

Although the current Brayton system effi-
ciency is as high as 26 percent, component test
results have indicated a potentially higher sys-
tem efficiency with only minor hardware changes.
Also, an increase in maximum output power appears
feasible, Each potential component improvement
is described here under subheadings. These im~
provements have not as yet been made in the en~-
gine, They are being held as improvement options
for inclusion at appropriate points in the over=-
all Brayton technology program. ’

TURBOMACHINERY - There are four changes
which could be made within the BRU. These are
augmented alternmator cooling, a flow-straightener
ahead of the compressor inlet, a reset .
campressor-diffuser vane, and a modified turbife-
exit diffuser,

‘Alternator Cooling - Statistical dats for
alternators with similar winding insulation and
potting compounds show that a 5-yr life may be
expected with a maximum winding temperature of
about 400° F. Evens and Meyers (14) show that,
in a test of the BRU, 15 MW of alternator output
was demonstrated. However, the alternator end-
turn winding insulation temperature rose above
400° F. Both component and system test results
(3 and 14) have shown that to cbtain a 5-yr oper=-
ating life, the current BRU is limited to an
alternator output of asbout 12 kV-A.

Current alternator cooling is handled by
liquid-filled coils, They are helical and
wrapped axially around the stator. AiResearch
Manufacturing Company, a division of the Garrett
Corporation in Phoenix, the BRU contractor, has
determined that more liguid-cooling passages can
be added within the BRU. This, along with other
minor changes, should cool the alternator enough
to stay below a 400° F hot-spot temperature up to
alternator power outputs of about 16 kV-A,
AiResearch is under contract to provide the hard-
ware for this eadditional cooling. -

Flow Straightener - In the Brayton engine, a
reducing elbow is located just ahead of the com~
pressor inlet. In this 90° elbow, the 4-in, duct
from the recuperator is reduced to 3,5 in, for



mating to the compressor.

The first tests on the compressor alone were
made with a straight inlet duct. Compressor
efficiency at the design equivalent mass-flow
rate was about 0.79 with a peak efficiency of
0.82 at a lower value of flow rate. Later tests
with the reducing elbow showed a penalty in effi-
ciency. At design flow rate, efficiency dropped
by about 0.01, while peak efficiency dropped by
about 0.02., As a result, a series of elbow-
insert, flow-straightening devices were tested.
The best device was found to be & single splitter
plate located centrally throughout the elbow.
With the splitter, efficiency at design flow rate
was back to about 0.79, while pesk efficiency
was about 0.81 - a loss in peak efficiency of
only 0.01 from that of the straight-inlet data.

Compressor Diffuser - As part of the com-
pressor tests, three compressor-diffuser vane
angles were studied, These tests were rum with
the straight-inlet duct. A 3° change in vane
angle was found to shift the point of peak com-.
pressor efficiency to the Brayton system design’
equivalent mass-flow rate. Also, peak efficiency
increased by 0.01 to 0.83. Hence by adjusting
the diffuser vanes for operation at peak effi-
ciency there is a potential gain of 0.04 in effi-
ciency. However, with the use of the elbow
splitter, the net gain might be reduced to 0.03
for a compressor efficiency of 0.82.

Turbine Diffuser - Rohlik, Kofskey, and
Nusbaum 315) show the early resuits of tests on
the shape of the turbine-exit diffuser. The
original diffuser has a conicel outer wall with
a cylindrical centerbody. This provides an area
variation with axial distance that is almost
linear. Two other diffusers were designed for a
linear change in static pressure with axial dis-
tance and were tested. Both improved the dif-
fuser pressure recovery and, therefore, improved
overall turbine efficiency. The best shape was
found to be a cylindrical centerbody with a con-
toured outer wall for the needed area change.

At design operating conditions, the overall
turbine efficiency with the o¢riginal diffuser was
0.894. Use of the best diffuser resulted in
0.907 for a gain of about 0.01.

HEAT EXCHANGER ~ In a contract with .
AiResearch Manufacturing Company of Los Angeles
we have ordered a modified version of the BHXU.
This new BHXU will have a larger recuperator
core and a finned-tube, gas-to-liguid, waste
heat exchanger. Kaykaty (4) shows that the ori-
ginal BHXU performed well and nearly achieved

all of*its design objectives. The recuperator
fell just short of its desigh heat-trensfer
effectiveness of 0.95. Its measured effective-
ness, at its design system power level of 10 kW,
was 0.94. The new BHXU recuperator core surface
area was increased by 18 percent to achieve the
extra 0.01 in effectiveness, The new BHXU &lso
is designed to operate at much higher gas pres-
sures. This will allow system operation at the
higher power levels made possible by the added
alternator cooling. .

HOUSEKEEPING POWER - It appears that the in-
ternal housekeeping electric power needs can be
reduced from the present 1.4 to 1,0 KW. Such a
decrease could be achieved through a combination
of improvements. )

Thollot, Bainbridge, and Nestor (2) show a
breakdown of the current housekeeping needs.,
About 1 KW is heeded by the dc power supply to
operate the engine control system, the 400-Hz
pump-motor inverters, and miscellaneous valyes
and relays, The other 0.4 kW of housekeeping
power is used to operate the speed control and
voltage regulator and to provide residual power
in the parasitic load. The residual parasitid
load power is needed by the speed control to ac-
commodate system operating point changes.

The greatest drop in housekeeping needs
could come from resizing the liquid-coolant .
pump, and replacing the 400-Hz motor with a 1200-
Hz motor that could be operated c‘irectly from the
alternator output. The current pump provides a
coolant pressure rise of 72 psi; this pressure
rise is a conservative value set early in the
program and is more than appears necessary. The
radiator-coolant~loops for the next system test
will need only about a 40 psia head rise. Fur-
thermore, use of a 1200-Hz motor would eliminate
the power consumed in the inverter during normal
operation.

Other smaller drops in housekeeping power
are also potentially available., For example, the’
signal conditioner power need. could be reduced
by about 120 W with the use of new high-
efficiency power supplies (2) which are being in-
stalled. Through improvements in the BRU speed
control and voltage regulator, we may be able to
reduce the required residual parasitic-load po-
wer, The combined drop in housekeeping power
from all improvements would be about 400 W.

IMPROVED SYSTEM PERFORMANCE

Effects of t}}e minor hardware changes on
system net efficiency and radiator-area needs



were calculated. A summary of the componeht im-
provements used in the calculations is presented
in table 2. Results are shown in Fig. 5. Solid
lines are used to show the net efficiency and
specific radiator-area needs of the current sys-
tem. Broken lines are used to show the combined
effects of the minor herdware changes. The der
sign temperatures and gas-mixture were maintained,
Over the design compressor-outlet pressure range
from 15 to 45 psia, the improved system would
provide from about 2.2 to 11.9 KW compared to the
1.5 to 10.5 kW of the current system over the
same pressure range. A net output of 15 KW with
the improved system would require & compressor-
outlet pressure of about 5S psia. Continuous
operation at this pressure level would be per- -
missible with the improved system,

Net efficiency of the improved system gained
as much as 0.035 over that of the current system.
Above about 3 XW, the improved system net effi-
ciency exceeded 0.20. In the range of outputs
from 10 to 15 MW, efficiency increased to nearly
0.30. At 2.2 KWp, the improved system would need
about a 13-KWy, heat source. At 15 KW, the heat
source required rating would be sbout 50 liWy.

Specific radiator %rea needs of the improved
system were about 15 ft°/kWe less than those of
the current system. At the high power outputs,
the :meroved system radiator need was about .
62 ft /kW . Absolute areas ranged from 315 £t8
at 2.2 kg to about 930 £t at 15 Kie. ,

—~
POTENTIAL HIGH-TEMPERATURE SYSTEM PERFORMANCE

. The conceptual heat source for the current
Brayton system operates at an average outer-
surface temperature of about 1800° F, Higher
temperature capability may result from the Atomic
Energy Commission's "Multi-Hundred Watt Radioiso-
tope Thermoelectric Generator" program. In this
program, heat sources are being designed for op-
eratmg outer-surface temperatures of about
2200° F.

Although the present Brayton system compo-
nents for 50,000-hr operation are limited to a .
1600° F turbme—mle’c temperature, effects of an
increase to 2000° F were calculated to evaluate
its merits for a possible future development,
There are no plans for such a power-system change.

The gains of the 400° F increase in turbine-
inlet temperature were added to the gains of the
improved system with the minor hardware changes.
Compressor-inlet temperature was kept at its de-
sign value of 80° F,

Figure 6 shows the comparison between per-
formance of the current system and -an advanced
2000° F system, The power output range for the
advanced system is shifted to higher power levels
for the same operating gas-pressure range because
of the large increase in available turbine work.
The sdvanced system would produce about 4,2 W
of net output at a compressor-outlet pressure of
15 psia, and 15 kW at 45 psia. Predicted effi-
ciency of the advanced system was 0.22 at 4.2 kW,
using to about 0,35 at 15 MW, - Heat-source power
requirements would be 19 kWi at 4.2 ki of output
and 43.5 Ky at 15 KiW,.

The combined effect of the temperature in-
crease and the har changes resulted in a
drop of about 25 ft°/kW, in specific radiator
ares needs from those of the current system, At
the high values of power ocutput, the specific
radiator area needs of the advanced system would
be about 50 £t&/KWe.

CONCLDING REMARKS .

The staff at Lewis has been and is conduct-
ing a progressive series of component and system
tests. The program objectives are to provide
the technology for Brayton power system develop-
ments in general; and to show the technical
readiness of the 2- to 15-kiWp Brayton power sys-
tem for use in space. All test results to daté
have been encouraging. Key system components
have passed 5000 hr of accumulated operating
time. In our first system tests in a vacuum
chamber, we demonstrated engine operation and
performance. Based on these tests, 10 kW of
useful power is obtainable at a system net effi- -
ciency of 0.26 with a specific radiator area need
of sbout 75 ft2/kW,. However, testing is really
Jjust begimning, More endurance tests are needed.
Our next system test will add a space-type radi-
ator to the engine. Future system testing is
needed with a space-type heat source.

Evaluation of minor engine hardware changes
has shown an attractive potential gain in system
efficiency, power output, and radiator area needs
At net power outputs in the range from 10 to
15 kW, a system net efficiency of nearly 0.30 was
predlcted Correspondlng specific radiator areas

were sbout 62 ft2/KiWe.

A 400° F increase in operating temperature
level was evaluated for assessing the potential
performance of an advanced Brayton power system,
The combined changes, temperature and hardware 3
showed a potential system net efficiency in-
creasing from 0.22' at its low-power conditions up



to about 0.35 at its high-power conditions. At
15 kW of output, the specific radiator a.rea needs
of the advanced system were about 50 £t2/kie:
Currently, there are no plans for developing
this advanced system.
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Table 1 - Brayton Project - Major Test Record

as of April 12, 1971

Tests Starts | Accumulated
(or. test hours
cyclies) '
System test in Space Power .Facility
With BRU-1A 9 668
With BRU-2 _4 1893
Total 13 2561
Gas power loop
BRU-3, BHXU-1 1 3
BRU-4, BHXU-1 i 5382
Total 72 5385
(unattended) (4b25)
Electrical subsystem . ’ 3938
(unattended) 72 (3717) -
Gas management subsystem 8 302
Pump motor and inverter (e8) 12,372
dc power supply (89) 15,184

Table 2 - Summary of Component Improvements

Component parameter Current | Improved
system system
Compressor efficiency 0.79 0.82
Turbine efficiency " 0.89 0.90
Recuperator heat-transfer ef‘fecé.iveness 0/94 0.95
Housekeeping power needs, kig t i.4 ‘ 1.0
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Figure 3. - Sketch of radiator and cooling-loop arrangement.
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Figure 4. - Efficiency and radiator-area needs of
current Brayton power system; turbine-inlet
temperature, 1600° F; compressor-inlet temper-
ature, 80° F; effective radiator heat-sink tem-
perature, -10° F.
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Figure 5. - Effect of minor hardware changes on
power system performance; effective radiator
heat-sink temperature, -10° F,
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Figure 6. - Added effect of higher temperature on
power system performance; effective radiator
heat-sink temperature, -10°F.
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